The leftward flow in extraembryonic fluid is critical for the initial determination of the left-right axis of mouse embryos. It is unclear if this is a conserved mechanism among other vertebrates and how the directionality of the flow arises from the motion of cilia. In this paper, we show that rabbit and medakafish embryos also exhibit a leftward fluid flow in their ventral nodes. In all cases, primary monocilia present a clockwise rotational-like motion. Observations of defective ciliary dynamics in mutant mouse embryos support the idea that the posterior tilt of the cilia during rotationallike beating can explain the leftward fluid flow. Moreover, we show that this leftward flow may produce asymmetric distribution of exogenously introduced proteins, suggesting morphogen gradients as a subsequent mechanism of left-right axis determination. Finally, we experimentally and theoretically characterize under which conditions a morphogen gradient can arise from the flow.
Introduction

Symmetry breakdown of an egg or body axis determination is one of the fundamental processes of development. Molecules that show left-right (L-
To elucidate these mechanisms, we compared various vertebrate embryos, with the hypothesis that the basic mechanism is conserved. Essner et al. reported that an embryonic organ with monociliated cells transiently emerges in the various vertebrate embryos (Essner et al., 2002). However, they failed to show whether the cilia move or whether the fluid in the organ flows and how these processes might occur. Since the overall morphology of the embryo, especially the shape around the ventral node, might affect the flow (Nonaka et al., 1998; Okada et al., 1999; Vogan and Tabin, 1999), we compared three differently shaped vertebrate embryos: the mouse egg cylinder (curved with ventral side out), the rabbit embryonic disc (flat), and the medakafish embryo (ventral side in).
In this paper, we report that ventral nodes, covered with cells that have rapidly rotating cilia, transiently develop in embryos of all these three species of vertebrates. Observation of cilia with high spatiotemporal resolution revealed the hydrodynamic mechanism that produces the laminar leftward flow from these rotating cilia. Finally, examination of the distribution of caged fluorescently labeled protein after its local photoactivation demonstrated that this flow produces the concentration gradient of the protein when its molecular weight is about 15-50 kDa. These results are all consistent with the theoretical and in silico studies of the hydrodynamic natures of cilia and the flow induced by the ciliary movement (J. Buceta, M. Ibañes, D. RasskinGutman, Y.O., N.H., and J.-C.I.B., unpublished data), and the combination of the experimental and theoretical studies revealed the conserved mechanism that breaks L-R symmetry in vertebrate embryos.
Results and Discussion
Leftward Flow of Extraembryonic Fluid in Ventral Nodes Is Conserved among Various Vertebrate Embryos
To examine the generality of the flow-based mechanism, we observed the ventral surface of early embryos of various species of vertebrates. As a model of the lowest vertebrate, we chose medakafish because of its availability and the size and transparency of the embryo. We also used the rabbit embryo as a model of higher mammals, as it is accepted that the development of the rabbit embryo much resembles that of the human embryo, and therefore it is widely used as a developmental model of humans. For example, at the gastrulation stage, the rabbit develops a planar embryonic disc quite similar to that of a human.
A survey by electron and enhanced video microscopes confirmed that medakafish, rabbit, and mouse embryos develop ventral nodes on their ventral side just before L-R axis determination. This ventral node in the mouse is the nodal pit, while it is the posterior widening of the notochordal plate in the rabbit and Kupffer's vesicle in the medakafish. They are the orthologous organs as described below, and here we use the same name, "ventral node," to refer to these evolutionarily conserved organs to avoid unnecessary confusion.
As we have previously observed with mouse embryos, the cilia in rabbit and medakafish embryos also showed rapid clockwise rotation-like motion, and the fluid in these organs flowed to the left (see Movies S1-S5 in the Supplemental Data available with this article online). However, the shape of the ventral node and the velocity of the flow were significantly different among these three embryos (Figures 1 and 2) .
The ventral node of the mouse is a small triangular pit just ventral to the embryonic (dorsal) node ( Figures  1A-1C) . The fluid in this concave organ flows leftward across the midline just above (w5 m) the surface, goes upward along the left sidewall, and then finally returns to the right side by slow counterflow w20 m above the surface (Figures 2A, 2D , and 2E; Movie S1). The ventral surface of the notochordal plate, a groovelike structure just anterior to the nodal pit, is also coated with monociliated cells, but the cilia on the notochordal plate are immotile, and the fluid there does not flow in mouse embryos.
However, no ciliated cells were found on the ventral side of the Hensen's node of rabbit embryos. Instead, the monocilia on the notochordal plate moved with similar rotation-like dynamics as described previously in mouse embryos and produced flow in the groove of the notochordal plate ( Figures 1D-1H . Therefore, the mechanism that produces the leftward flow might lie in the movement of cilia. Since the circling movement of the cilia is too fast (10 Hz) for conventional video recording (30 frames per s), we used a high-speed recording system (500 frames per s). The high time resolution video sequence confirmed our previous result in mouse embryos. Unlike other moving cilia-for example, the ones lying on the airway epithelium-where a fast effective stroke is followed by a slow recovery stroke with a planar or half-teardrop-like trajectory (Blake and Sleigh, 1974) , the motile monocilia in the node exhibit, as previously reported, a clockwise rotational-like motion with an elliptic or circular trajectory when observed from above ( Figures 3A-3C , Movies S6-S8). Interestingly, a more careful inspection reveals that cilia swing almost perpendicular to the apical surface of the nodal pit cell and then sweep back almost parallel just above the apical surface, thus moving around an axis tilted toward the posterior. This motion was most evident with the oblique side view of the ventral node of the medakafish (Movie S9).
For further quantitative description of this posteriorly tilted rotation-like beating of nodal cilia, we analyzed the trajectory of the tip of the cilium. The trajectory is nearly circular, especially when observed from the direction nearly parallel to the circulating axis of the ciliary movement (Okada et al., 1999). When the nodal cilium was observed from the direction perpendicular to the nodal cell layer, the trajectory of its tip was mostly elliptic, with the center located more posteriorly than the root of the cilium ( Figures 3A-3C ). This elliptic trajectory is the projection of the circular trajectory in the real three-dimensional space to the imaging plane parallel to the nodal cell layer. Thus, from this elliptic trajectory, we can estimate the direction of the axis around which the cilium is circulating ( Figure 3D and see Experimental Procedures for detail).
This analysis quantified that cilia move around an axis tilted 40°± 10°(0°= normal to the cell surface) to the posterior (180°± 40°, 0°= anterior) ( Figure 3E ). The slant height of the conic rotation estimated from the fitting (ρ, Figure 3F ) was significantly longer than the length of the cilium measured from the SEM micrographs (Figure 1 ). This might be due to the shrinkage and break during the electronmicroscopy process. The nodal cilia always appear much longer with living samples than those fixed and processed for immunostaining and/or electronmicroscopy. It should also be noted that this parameter does not directly indicate the actual length of the cilium, because the nodal cilium is not rotating as a rigid body but is slightly bent due to the viscosity of the surrounding fluid. The relatively large variance in the estimated value of this parameter will reflect the variance in the bending of each cilium. The estimated apex angle of the conical movement of the cilium (Ψ, Figure 3G ) was consistent with the geometrical constraint: Θ+Ψ < 90°. The sum and the difference of these angular parameters were Θ + Ψ w 90°a nd Θ − Ψ w 0°. The average length of cilia and the frequency of circular motion were different among the vertebrate species under study, but the dynamics of the cilia appeared similar, as summarized in Figure 3I . This evolutionarily conserved similarity in the ciliary dynamics suggests their importance in the production of the leftward flow. The clockwise motion around an axis tilted posteriorly by 40°and with the apex angle of approximately 40°( Figures 3E and 3G ) results in a leftward swing of the cilium while it is extended nearly vertically. Because this motion is occurring far away from the surface, this part of the cycle is most effective in producing a leftward flow and can be referred to as the "effective stroke." In the other half of the cycle, which can be referred to as the "recovery stroke," the cilium sweeps rightward, close to the cell surface. Hydrodynamics show that a stationary surface retards the movement of nearby fluid. This makes it difficult for a cilium to move fluid when it is close to a surface and also increases the resistance to movement of the cilium, which may, as in the examples seen here, reduce the angular velocity during the recovery stroke. This surface effect is widely exploited by cilia to enhance the difference in flow created by effective and recovery strokes, resulting in net flow in one direction (Blake and Sleigh, 1974) .
A Posteriorly Shifted Position of the Basal Body Might Determine the Posteriorly Tilted Axis of the Rotation-Like Beating of Cilium
Our analysis thus demonstrated that the nodal cilia moves around the posteriorly tilted axis. By reviewing et al., 1999) . If the tilting of the axis of the circling movement of cilia determines the directionality of the flow, the meandering streamline of the inv mutant might be resulting from the larger variance in the direction of the tilting. To examine this, we have examined the ciliary dynamics in inv mutant mouse embryos (Movie S10) and measured the tilting of the beating axis of cilia of both inv/inv mutant embryos and inv/+ heterozygous control embryos. As shown above, the axis of circling movement of almost all cilia of +/+ wild-type embryos are tilted to the posterior ( Figure 3E ). With inv/inv mutant embryos, nearly 20% of the cilia are anteriorly tilted, though the majority of cilia are posteriorly tilted (Figures 5A and 5B) . The phase and the direction of the effective and recovery stroke of these anteriorly tilted cilia are reversed. They swing rightward when they are extended nearly vertically and sweep leftward close to the cell surface ( Figure 5C ). The heterozygous embryos showed a phenotype in-between; the variance of the distribution of the tilting direction is larger than wild-type, but no anteriorly tilted cilia were observed with heterozygous embryos. We have also noted that the circling movement of the cilium itself is partially affected by the mutation. In wild-type embryos, nearly 90% of cilia are rapidly circling in a clockwise direction, and immotile cilia are less than 10% at the bottom of the ventral node, as observed in this study. On the contrary, about 30% of heterozygous cilia and about half of mutant cilia were immotile or very slow. We have also found that some (typically one to five for each node) cilia of mutant embryos are circling in the reverse direction (counterclockwise). Thus, the slow and meandering flow of inv mutant embryos will be caused by the disordered arrangement of the rotating axis of cilia and by the aberrant rotation of cilia itself. This gives experimental support for our model that the posteriorly tilted, clockwise rotation of cilia produces the leftward flow. These results also suggest that the inv mutation might affect the alignment of nodal pit cells along the anteriorposterior axis (for example, planar cell polarity) as well as the movement of cilia.
The Leftward Flow Can Form the Concentration Gradient of Protein in the Ventral Node
Although the rapidly nonplanar beating dynamics of cilia and leftward flow of the fluid are conserved, the size and shape of the ventral node and the velocity of the flow are very different among these species. Flow velocity is much slower in the rabbit, while the size of the ventral node of the rabbit is much larger. Thus, we have underscored whether these different leftward flows are able to induce a protein gradient. Importantly, it should be noted that the Peclet number, a dimensionless parameter of the significance of the advection of the flow over diffusion, is conserved for the three species analyzed in this study (see Supplemental Data). Specifically, the product of the width of the ventral node and the flow velocity ranged within 1.5 to 2 × 10 −6 cm 2 /s. This conserved value is theoretically large enough for the flow to dominate over diffusion of proteins with molecular weights above 20 kDa that have diffusion coefficients up to w1 × 10 −6 cm 2 /s and, consequently, to allow the appearance of protein gradients.
To clarify this issue, we have directly examined whether the flow can generate a concentration gradient of protein by measuring the distribution of fluorescently labeled protein locally produced by the photolysis of the caged-fluorescein moiety. When the caged-fluorescently labeled dextran (equivalent to a 40 kDa protein) was released by transient local UV illumination (1 s) over the midline ridge or in the right-side furrow of the ventral node of rabbit embryos, it flowed to the left side and then remained for more than 2 min in the left furrow ( Figure 6A , Movie S11). As expected, smaller molecules (3 kDa dextran, equivalent to a 10 kDa protein) rapidly diffused after the photolysis over the midline ridge and was symmetrically distributed in both the left and right furrows (movie not shown). The long retention of dextran in the furrow could be due to stagnated flow by the less motile or immotile cilia on the surface in the furrow. This furrow-like structure is missing in the murine nodal pit. The transiently released protein (with large molecular weights above 20 kDa) flowed to the left side as observed in the rabbit embryo, but it did not appear to stay on the left edge ( Figure S1 ). The fluorescent signal became undetectable within a few seconds. On the Figure S4 ). The larger molecules, even though they diffuse more slowly, showed less asymmetric distribution ( Figures 6D and 6E, Figures S3A and S3B , Movie S13, seeSupplemental Data for further theoretical discussion). The smaller molecules diffuse so rapidly that transport by the leftward flow is not noticeable, and they can only reach a symmetric distribution ( Figure 6E , Supplemental Data, Movie S14). These results show that, with both rabbit and mouse embryos, proteins w40 kDa that are secreted into the ventral node will be asymmetrically distributed. Therefore, the flow is fast enough for the generation of a concentration gradient of putative morphogenic proteins with highest concentration on the left side. One might argue that the leftright difference in the stationary distribution measured here will be too small to trigger the stable asymmetric gene expression. However, the magnitude of the leftright difference depends on many parameters, such as the size of the secretion area, rate of secretion, and rate of degradation or inactivation. For example, our in silico simulation confirmed a theoretical prediction that faster degradation or inactivation generates steeper gradient ( Figure S3B ). Our experiment also suggests another possibility, that repetitive intermittent release and temporal integration might enable large and stable response ( Figure S3C ).
Relation of Our Hydrodynamic Model to the Previous Experimental Results
A previous paper suggested that a fast artificial flow to the left does not disturb development, while a fast artificial flow to the right can reverse situs (Nonaka et al. 2002) . We believe that these results are consistent with the morphogen gradient model. Although it seems that a fast leftward flow might wash away a morphogen, we believe that the flow rate is not fast enough to do so. For a quantitative discussion of this issue, please see Supplemental Data. We propose that a secreted factor, if released continuously with faster 
Electron Microscopic Observation of Embryos
Electron microscopy of mouse and rabbit embryos were performed according to the previous study (Takeda et al., 1999). For medakafish embryos, we used a partially modified protocol (addition of 0.5% tannic acid) (Takeda et al., 1995). Scanning electron microscopy for all three species was carried out as described previously (Takeda et al., 1999).
Whole-Mount In Situ Hybridization
Whole-mount in situ hybridization was performed with a standard method as described previously (Takeda et al., 1999) . Briefly, rabbit embryos were fixed for 12-36 hr at 4°C with 4% paraformaldehyde (Merck) in PBS (Sigma), hybridized with a DIG-labeled RNA probe transcribed from mouse nodal cDNA (kindly provided by Dr. Hamada [Osaka University]), and an alkaline-phosphatase-conjugated anti-DIG antibody (Roche). Following development of color, 10 m thick paraffin sections were made and counterstained with EosinY.
Enhanced Video Microscopic Observation of Mouse Embryos
The embryos of timed pregnant ICR mice (CLEA Japan, Meguroku, Tokyo, Japan) were dissected and mounted on a silane-coated glass slide with a silicone rubber spacer, as described previously 
